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© A double barrier tunnel diode (10) has a quan- 
tum well (12), a pair of electron injection layers (16) 
on either side of the quantum well (12), and a barrier 
layer (14) between each of the electron injection 
layers (16) and the quantum well (12), in a strained 
biaxial epitaxial relationship with the quantum well 
(12). The material is chosen such that the biaxial 
strain is sufficient to reduce the energy of heavy 
holes in the quantum well (12) to less than the 
energy of the conduction band minimum energy of 
the electron injection layers (1 6). 
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BACKGROUND OF THE INVENTION 

This Invention relates to semiconductor diodes, 
and, more particularly, to a modified double barrier 
tunnel diode. 

A diode is a semiconductor device having a 
nonlinear voltage-current relation. Diodes are 
among the most important of solid-state devices, 
and are used in many electronic applications. The 
tunnel diode is one variety of diode, having the 
unusual characteristic of negative resistance. As 
the term is used, negative resistance is a voltage- 
current behavior wherein, over certain voltage 
ranges, increasing the voltage applied across the 
diode leads to decreased current carried through 
the diode. By contrast, in most devices an increas- 
ing applied voltage results in increasing current. 
Tunnel diodes have a number of applications, in- 
cluding high frequency oscillator circuits and high 
frequency electronic switches. 

One type of tunnel diode is the double barrier 
tunnel diode. One such double barrier tunnel diode 
includes a gallium antimonide quantum well with a 
thin barrier layer of aluminum antimonide epitax- 
ially joined to each side of the quantum well. This 
structure, termed a quantum barrier, in turn lies 
between two injection layers of indium arsenide. 
The quantum barrier creates an energy barrier to 
the flow of electrons that can be overcome by 
electrons only under certain conditions, and which 
results in the negative resistance characteristic of 
interest over a range of applied bias voltage. Elec- 
trons are injected into the quantum barrier from the 
conduction band of one of the injection layers 
under an internal voltage, produced by the applied 
external voltage. The internal voltage increases the 
energy of the injected electrons to satisfy the reso- 
nant tunneling condition of the quantum barrier. 
Under the proper conditions of voltage sufficient to 
satisfy the resonance condition, the incoming elec- 
tron has the same energy as a valence level of the 
quantum well, and the electrons tunnel through the 
quantum barrier. As the bias voltage is increased 
further, the energy levels no longer align and the 
current decreases, resulting in the negative resis- 
tance effect. 

In some cases, it has been observed that the 
magnitude of the negative resistance effect is not 
as great as might be expected. It is important to 
understand the cause of this reduced negative- 
resistance effect, and an associated need for an 
improved double barrier tunnel diode that exhibits 
the full extent of the negative-resistance effect. The 
present invention fulfills this need, and further pro- 
vides related advantages. 



SUMMARY OF THE INVENTION 

The present invention provides an improved 
double barrier tunnel diode. This diode avoids the 
5 reduced magnitude of the negative-resistance ef- 
fect observed in some other similar diodes. It is 
structurally similar to conventional diodes, and can 
be substituted for conventional diodes. 

In accordance with the invention, a double bar- 
io rier tunnel diode comprises a quantum well having 
at least one layer of a semiconductor material. A 
pair of electron injection layers are disposed on 
either side of the quantum well, and a barrier layer 
is positioned between each of the electron injection 
75 layers and the quantum well. The barrier layers 
have a thickness sufficiently small to permit elec- 
trons to tunnel through the barriers and the quan- 
tum well. The barrier layers further have a biaxially 
strained epitaxial relationship with the material of 
20 the quantum well, the biaxial stress and strain 
being sufficient to reduce the energy of heavy 
holes in the quantum well to less than the energy 
of the conduction band minimum energy of the 
electron injection layers. 
25 In a preferred approach, the quantum well is 

less than about 200 Angstroms thick and is made 
of gallium antimonide with from about 1 to about 40 
atomic percent arsenic therein. The electron injec- 
tion layers are made of indium arsenide. The bar- 
30 rier layers are each less than about 40 Angstroms 
thick and are made of aluminum antimonide. The 
application of the invention is not limited to this 
structure, however. 

In the preferred structure, the arsenic addition 
35 decreases the lattice constant of the gallium an- 
timonide of the quantum well. The arsenic addition 
is limited to an amount that will not cause the loss 
of coherency and the epitaxial interfacial structure, 
with the result that the quantum well is placed into 
40 biaxial tension. This tensile stress splits the energy 
levels of the heavy and light holes in the quantum 
well, and decreases the energy level of the heavy 
holes relative to the light holes. With a sufficient 
addition of the alloying element into the material of 
45 the quantum well, the energy level of the heavy 
holes is decreased sufficiently that it is below the 
conduction energy level of the injection layer. 

Consequently, in the present approach the 
heavy holes do not enter into the quantum tunnel- 
so ing effect because a bias voltage raises the energy 
of the injected electrons even further above the 
energy of the heavy holes. Thus, only the light 
holes can contribute to the negative resistance 
effect, the desired result. It has been found that the 
55 heavy holes provide a competing channel for con- 
duction to the desired light holes, and therefore the 
elimination of the heavy holes from the conduction 
process results in improved negative resistance 
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performance of the diode. 

The present diode is more effective than the 
conventional comparable diode in achieving a neg- 
ative resistance effect. Other features and advan- 
tages of the present invention will be apparent from 
the following more detailed description of the pre- 
ferred embodiment, taken in conjunction with the 
accompanying drawings, which illustrate, by way of 
example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic sectional view of a 

double barrier tunnel diode; 

Figure 2 is a schematic diagram of the structure 

of Figure 1, with an indication of energy states 

in the conventional diode; and 

Ftguro 3 is a schematic diagram of the structure 

oi Figure 1. with an indication of energy states 

•n tho d*ode of the invention. 

DFTAH FD DF SCRIPTION OF THE INVENTION 

The present invention is embodied in a double 
barrier tunnel diode 10, illustrated in Figure 1. Such 
a tunnel diode 10 includes a quantum well 12, 
bounded on each side by a barrier layer 14. The 
quantum well 12 and the two barrier layers 14 are 
together termed herein a quantum barrier 15. Dis- 
posed outwardly of the barrier layers 14, on either 
side of the quantum barrier 15, are a pair of injec- 
tion layers 16. The diode 10 is prepared by depos- 
iting these layers sequentially. 

In operation, electrons are supplied from one of 
the injection layers, here illustrated as injection 
layer 16a. Under the application of an external 
biasing voltage V b , electrons from the injection 
layer 16a resonantly tunnel through the quantum 
barrier 15 to the other injection layer 16b. The 
result is a current through the quantum barrier 15 
and the diode 10. 

In one form of such a device known in the art, 
the quantum well is single crystal gallium anti- 
monide (GaSb) of a thickness of less than about 
200 Angstroms. The barrier layers 14 are single 
crystal aluminum antimonide (AlSb), each of a 
thickness of less than about 40 Angstroms. The 
injection layers 16 are single crystal indium ar- 
senide. Other materials are used in such diodes, 
and the present invention is not limited to this 
composition. 

The barrier layers 14 are in epitaxial relation to 
the quantum well 12, and the injection layers 16 
are in epitaxial relation to the barrier layers 14. An 
"epitaxial" relation is one wherein the adjacent 
layers or structures have the same crystal structure 
and are crystal log raphically continuous between 
the two layers or structures. That the crystal struc- 



tures are th same and continuous between the 
layers does not, however, imply that the lattice 
parameters of the two layers or structures are 
identical. In most cases, the lattice parameters are 

s slightly mismatched, leading to a biaxial strain con- 
dition. The present invention does not attempt to 
reduce the biaxial strain, but takes the opposite 
approach of increasing the biaxial strain to control 
to advantage the electron energy state of the quan- 

10 turn well. 

Biaxial strain is present when there is strain in 
two orthogonal directions in a material. Such biaxial 
strain often arises in other contexts when two ma- 
terials with different lattice constants or coefficients 

75 of expansion are joined at an interface, so that 
stresses and strains are produced in each material 
in orthogonal directions parallel to the interface. 

Figure 2 depicts the relevant electron energy 
states for the diode of Figure 1. The line indicated 

20 "E c " represents the lowest electron energy states 
for the conduction band of each layer. The line 
indicated "E v " represents the electron energy 
states for the valence band of each layer. Conduc- 
tion through the diode 10 occurs when conduction 

25 band electrons injected from the injection layer 16a 
(under the influence of the bias voltage V b of 
Figure 1) tunnel through the barrier layer 14, are 
conducted through the quantum well 12 in the 
valence band, tunnel through the other barrier layer 

30 14, and enter the conduction band of the injection 
layer 16b. 

It has been observed that the electron move- 
ment in the valence state of the quantum well 12 
can occur in multiple fine states that have been 

35 termed "heavy holes" and "light holes". The heavy 
holes and light holes have their own respective 
valence energy states, termed °HH" and "LH" in 
Figure 2. The light hole resonance is desired for 
tunneling, because it has a strong transmission 

40 probability and resulting high current densities. Be- 
cause of the symmetry mismatch between it and 
the incoming electron state, the heavy hole reso- 
nance does not transmit as well as does the light 
hole resonance. The presence of the heavy hole 

45 resonance is undesirable because it provides an 
alternate channel for transport which tends to de- 
grade the negative resistance effect. Unfortunately, 
due to its greater mass, the heavy hole is always at 
a higher energy than the light hole resonance for 

50 this type of structure. Consequently, the application 
of a voltage V b will always result in interference 
from the heavy hole state as the device pass s into 
the negative resistance region of its operation. 

A key feature of the present invention is modi- 

55 fying the structure of the quantum well 12 to define 
the heavy hole energy state by splitting it from the 
light hole energy state. The heavy hole energy 
state is reduced to a level below that of the con- 
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duction band of the injection layer 16a and thence 
below the energy of the injected electrons from the 
injection layer 16a. This modification must be 
achieved while maintaining the epitaxial relationship 
between the barrier layer 14 and the quantum well 5 
layer 12. 

In the preferred approach, the quantum well 
layer 12 is alloyed by the addition of an alloying 
element so that its lattice parameter is decreased. 
The decrease in the lattice parameter of the quan- 10 
turn well results in the creation of biaxial tensile 
stresses and strains in the quantum well layer 12. 
The epitaxial relationship with the barrier layer 14 
and the lattice parameter of the barrier layer 14 
remain unchanged. The compressive stress and 75 
strain state in the quantum well layer 12 selectively 
reduces the energy level of the heavy holes, as 
shown in Figure 3. A sufficient addition of the 
alloying element is made to the quantum well ma- 
terial to increase the biaxial tensile stress and 20 
strain by an amount such that the energy level of 
the heavy holes is reduced below the minimum 
conduction band energy of the injection layer. With 
the energy level of the heavy holes so reduced, the 
heavy holes do not contribute to the resonant tun- 25 
neling through the quantum barrier, and therefore 
do not affect the negative resistance region 
achieved when the voltage V b is further increased. 
Consequently, the modified diode exhibits an en- 
hanced negative resistance effect as compared 30 
with the unmodified conventional diode. 

According to the present approach, the quan- 
tum well layer is modified by adding an element 
that decreases its lattice constant. In the preferred 
case of a gallium antimonide quantum well, the 35 
preferred alloying element is arsenic. Arsenic is 
incorporated into the material of the quantum well 
during its growth, as by molecular beam epitaxy. 
The amount of arsenic added can vary over a 
limited range. The amount of arsenic must be 40 
sufficient to reduce the energy level of the heavy 
holes to below that of the conduction band of the 
injection layer, here indium arsenide. The minimum 
operable amount of arsenic is estimated to be 
about 1 atomic percent. 45 

On the other hand, with increasing amounts of 
arsenic added to the gallium antimonide of the 
quantum well in a range of samples, the tensile 
strain increases so that, at some point, the system 
energy can be reduced by nucleating a defect and so 
the epitaxial relationship is lost. The amount of 
arsenic added to the gallium antimonide of the 
quantum well must not be so great that the epitax- 
ial relationship between th aluminum antimonide 
barrier layer 14 and the quantum well 12 is lost. 55 
The maximum amount of arsenic that may be 
added to the gallium antimonide of the quantum 
well is estimated to be about 40 atomic percent, 



although the exact value may depend upon the 
thickness of the quantum well. 

Thus, for the preferred system with indium 
arsenide injection layers, aluminum antimonide bar- 
rier layers, and a gallium-antimonide-arsenide 
quantum well, the arsenic should remain within the 
range of from about 1 to about 40 atomic percent. 
For other selections of materials used to make a 
diode of similar structure, similar physical princi- 
ples apply, but the numerical values will vary. 

The present invention provides a double barrier 
tunnel diode of improved structure and operation in 
achieving the important negative resistance func- 
tion. Although a particular embodiment of the in- 
vention has been described in detail for purposes 
of illustration, various modifications may be made 
without departing from the spirit and scope of the 
invention. Accordingly, the invention is not to be 
limited except as by the appended claims. 

Claims 

1. A double barrier tunnel diode, comprising: 

a quantum well (12) having at least one 
layer of a semiconductor material; 

a pair of electron injection layers (16) on 
either side of the quantum well (12), a material 
of the electron injection layer (16) having a 
conduction band minimum energy (E c ); and 

a barrier layer (14) between each of the 
electron injection layers (16) and the quantum 
well (12), the barrier layers (14) having a thick- 
ness sufficiently small to permit electrons to 
tunnel through the barriers (14) and the quan- 
tum well (12) and having a biaxially strained 
epitaxial relationship with the material of the 
quantum well (12), 

characterized in that the biaxial strain is 
sufficient to reduce the energy (HH) of heavy 
holes in the quantum well (12) to less than the 
energy (E c ) of the conduction band minimum 
energy of the electron injection layers (16). 

2. The tunnel diode of claim 1, characterized in 
that the quantum well (12) is less than about 
200 Angstroms thick. 

3. A double barrier tunnel diode, comprising: 

a device structure having 

a quantum well (12) having at least one 
layer of an alloyed semiconductor material, 

a pair of electron injection lay rs (16) on 
either side of the quantum well (12), the ma- 
terial of th electron injection layer (16) having 
a conduction band minimum energy (E c ), and 

a barrier layer (14) between each of the 
electron injection layers (16) and the quantum 
well (12), the barrier layers (14) having a thick- 



4 



BNSDOCID: <EP 0581 239 A2_l_> 



EP 0 581 239 A2 



ness sufficiently small to permit electrons to 
tunnel through the barriers (14) and the quan- 
tum well (12) and having an epitaxial relation- 
ship with the quantum well (12), an unalloyed 
material of the quantum well (12) and a ma- 5 
terial of the barrier layer (14) being such that 
the energy (HH) of heavy holes in the quantum 
well (12) is greater than the conduction band 
minimum energy (E c ), 

characterized in that the semiconductor io 
material of the quantum well (12) is alloyed to 
produce a biaxial ly strained epitaxial relation- 
ship with the material of the barrier layer (14) 
sufficient to reduce the energy (HH) of heavy 
holes in the quantum well (12) to less than the 15 
energy (E c ) of the conduction band minimum 
energy of the electron injection layers (16). 

4. The tunnel diode of any of claims 1-3, char- 
acterized in that the quantum well (1 2) is made 20 
of gallium antimonide with from about 1 to 
about 40 atomic percent arsenic therein. 

5. The tunnel diode of any of claims 1-4. char- 
acterized in that the electron injection layers 25 
(16) are made of indium arsenide. 

6- The tunnel diode of any of claims 1-5, char- 
acterized in that the barrier layers (14) are 
made of aluminum antimonide. 30 

7, The tunnel diode of any of claims 1-5, char- 
acterized in that the barrier layers (14) are 
each less than about 40 Angstroms thick. 



& The tunnel diode of any of claims 1-7, char- 
acterized in that the quantum well (12) contains 
a single layer of semiconducting material. 
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© A double barrier tunnel diode (10) has a quan- 
tum well (12), a pair of electron injection layers (16) 
on either side of the quantum well (1 2), and a barrier 
layer (14) between each of the electron injection 
layers (16) and the quantum well (12), in a strained 
biaxial epitaxial relationship with the quantum well 
(12). The material is chosen such that the biaxial 
strain is sufficient to reduce the energy of heavy 
holes in the quantum well (12) to less than the 
energy of the conduction band minimum energy of 
the electron injection layers (16). 
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